Unlike most genes transcribed by RNA polymerase II, the simian virus 40 late transcription unit does not have a TATA box. To determine what sequences are required for initiation at the major late mRNA cap site of simian virus 40, clustered point mutations were constructed and tested for transcriptional activity in vitro and in vivo. Three promoter elements were defined. The first is centered 31 base pairs upstream of the cap site in a position normally reserved for a TATA box. The second is at the cap site. The third occupies a novel position centered 28 base pairs downstream of the cap site within a protein-coding sequence. The ability of RNA polymerase II to recognize this promoter suggests that there is greater variation in promoter architecture than had been believed previously.
Synthesis of eucaryotic mRNAs requires specific DNA sequences that are located close to the transcriptional initiation site. These sequences, termed promoters, bind protein factors that position the transcriptional initiation reaction at the mRNA cap site (for review, see references 17 and 46) . The binding of protein factors to promoters has also been implicated in biological regulation, for example, during the induction of transcription by heat shock (69, 74) and phorbol esters (1, 40) , and in the tissue-specific expression of several genes (42) . For many genes, the level of transcription is also regulated by enhancer sequences that are distinct from promoter sequences. These elements interact with promoters in an orientation-and distance-independent manner.
The sequences that make up eucaryotic promoters have been studied in detail. For protein-coding genes, which are transcribed by RNA polymerase II, the first common sequence to be identified was the sequence TATAA. These so-called TATA boxes are usually located 30 base pairs upstream of the cap site, and significant changes in transcription have been demonstrated when these sequences are mutated (12, 45, 72, 76) . Recent work suggests that there may be another class of promoters for protein-coding genes that have no apparent TATA box in their 5'-flanking region.
A recent survey identified 14 cellular genes without TATA boxes, most of which have housekeeping functions (20) . We wanted to determine what sequences are required for the expression of a gene that does not possess a TATA box, and we chose the simian virus 40 (SV40) late transcription unit as a model system. SV40 has been a useful system for the study of eucaryotic gene expression in the past. The circular double-stranded 5,243-base-pair genome contains only two transcription units, both of which utilize host RNA polymerase II. The early transcription unit codes for small and large T antigens. The late transcription unit codes for proteins required for virion production and is activated following the onset of DNA replication. The major class of late RNA, 16S, encodes the virion protein VP1 and the agnoprotein. This RNA initiates from nucleotide 325 and accounts for at least 85% of the RNA made late in infection (23, 54 termini mapping to nucleotide 325 and others mapping upstream (24) . Because upstream starts represent a small fraction of total late RNA synthesis, we have concentrated on the major start at nucleotide 325 in this study.
Previous studies have indicated that sequences controlling SV40 late gene expression extend over a 350-base-pair region, beginning at the origin of viral replication and extending downstream to, and possibly beyond, the major late cap site at nucleotide 325. One of the major mechanisms controlling the level of late gene expression is trans-activation by an early gene product, large T antigen (5, 37) . The sequences required for this trans-activation lie considerably upstream of the major late start and include sequences within the origin of replication and the 72-base-pair repeats (6, 31, 38) . The locations of the upstream control sequences are flexible and, in this respect, the sequences are enhancerlike (38, 52, 64) .
In contrast to the upstream regulatory elements, the sequences that position the late transcriptional initiation sites are not well understood. There is no TATA box upstream of the major late initiation site, suggesting that the SV40 late promoter may be fundamentally different from other promoters. However, it seemed likely that sequences near the transcriptional start site would control its selection. Therefore, we have focused our studies on the region surrounding the major late cap site.
Mutations have been previously described in this region, but their phenotypes are often complex (8, 22, 27, 35, 49, 52, 53, 63, 64, 71) . Mutants We have reexamined the region around the nucleotide 325 cap site, using new mutants and additional methods of analysis. A series of clustered point mutations was constructed that saturates a 143-base-pair region surrounding the major late cap site at nucleotide 325. The ability of these mutant DNAs to direct transcription has been tested both in vitro and in vivo, permitting transcriptional and posttranscriptional effects to be distinguished. These experiments have defined three distinct sequence elements in the region near the transcriptional start site that are required for efficient synthesis of SV40 late RNA. These elements make up a promoter that is quite different from those that contain a TATA box. This SV40 major late promoter requires sequences upstream of the start site, at the start site, and, interestingly, downstream of the start site in protein-coding sequence. While the three elements appear to act in additive fashion to serve as a functional equivalent of a TATA box, they each have properties uniquely their own.
MATERIALS AND METHODS Plasmid constructions. Maps of the recombinant plasmids used in these experiments are shown in Fig. 1 . The stippled boxes represent SV40 sequences, while the solid lines represent pBR322 sequences. In the pS LS and the pSV LS series of mutants, the darker portion indicates the approximate region where the BglII linkers have been substituted.
The direction of late transcription is indicated on each map. The numbers in parentheses indicate SV40 map positions, and the numbers not in parentheses indicate pBR322 map positions.
The wild-type plasmid used in these experiments was pSVOLO. This construct was made by replacing the SV40 HindIll fragment of pSVO10 (39) with SV40 sequences between the Hindlll sites at nucleotides 5171 and 1046.
The parental plasmid that provided sequences 3' to the BglII linker in the LS mutants was pSVN/B04. This construct was made by inserting a SalI-BglII linker into the PvuII site (nucleotide 273) of pSVOLO. The SalI-BglII fragment of pBRN/B (28) was then inserted into this new site. The parental plasmid that provided sequences 5' to the BglII linker in the LS mutants was pBRN/BL. This construct was made by replacing the HindIII-BamHI fragment of pBRN/B (28) with the HindIII-HincII (5171-470) of SV40 by means of a BamHI linker at the HincII site. The 3'-and 5'-deletion parents of the linker-scanning mutants were made by digesting pSVN/B04 and pBRN/BL with Sall and BamHI, respectively, followed by digestion with Bal-31 nuclease. The digested ends were filled by using the Klenow fragment of Escherichia coli DNA polymerase I, and the pBR322 spacer DNA was removed by NruI digestion followed by ligation with T4 DNA ligase as described before (28) . The exact endpoints of the SV40 sequence in the LS Hind III 29 Transfections and analysis of nucleic acids. A 10-pLg portion of purified supercoiled DNA was used to transfect approximately 7 x 106 BSC-1 cells at 80 to 90% confluence in 150-mm plates by the DEAE-dextran procedure (65) . Following a 48-h incubation, the cells were harvested by scraping. The cytoplasmic fraction was collected as described by Chikaraishi and Danna (11) , and the cytoplasmic RNA was purified by phenol extraction and ethanol precipitation. The nuclei were suspended in 200 p.g of proteinase K (Boehringer Mannheim Biochemicals) per ml-0. 1% sodium dodecyl sulfate-0.2 M Tris hydrochloride (pH 7.5)-0.3 M NaCl. Following a 90-minute incubation at 37°C and phenol-chloroform-isoamyl alcohol extraction, the nucleic acids were precipitated with 2.5 volumes of absolute ethanol and suspended in 10 mM Tris hydrochloride (pH 7.9)-i mM EDTA (TE). The nucleic acids were then digested with 50 p.g of RNase A per ml for 60 min at 37°C, followed by phenolchloroform-isoamyl alcohol extraction and precipitation with ethanol. The pellet was suspended in TE, and the concentration of the nucleic acid was determined spectrophotometrically. A 5-p.g amount of this nuclear DNA was digested with 25 U of EcoRI overnight at 37°C. The digestion products were resolved on a 1% agarose gel and transferred to Magna nylon 66 membrane (Micron Separations Inc.) and hybridized with a SV40 late specific RNA probe as described by Southern (66) with the modifications of Morin and Cech (48) . The SV40 late specific RNA probe was synthesized by T7 RNA polymerase (gift of A. Zaug) from EcoRI-digested pT7/SV40L in 40 triphosphates at 37°C for 60 min. Primer extension of the cytoplasmic RNA was carried out as described above, using 5 ,ug of RNA as the template. VOL. 8. 1988 on July 6, 2017 by guest http://mcb.asm.org/ Downloaded from
RESULTS
In vitro transcription of wild-type DNA. To determine which sequences make up the SV40 major late promoter, we first established an in vitro transcription system. The HindIlI C fragment spanning the SV40 origin of replication (map position, 5171 to 1046) and containing sequences sufficient for both early and late gene expression was inserted into recombinant plasmid pSVO10 (39) to give recombinant plasmid pSVOLO. This plasmid was digested with EcoRV and PstI to provide termination sites for runoff transcription. A RNA runoff pattern generated with this template and a HeLa whole-cell extract is shown in Fig. 2A . The largest SV40-specific transcript, 853 nucleotides in length, was synthesized from the SV40 early promoter. Two other SV40 RNAs, 598 and 443 nucleotides in length, were transcribed in the late direction. The synthesis of all three RNAs was sensitive to low concentrations of the toxin a-amanitin, indicating that they are transcribed by RNA polymerase II. The higher-molecular-weight background RNAs seen in this experiment probably result from end-to-end transcription of the restriction fragments or initiation within the vector sequences.
To confirm the orientation and determine the nucleotide from which the SV40 late transcripts originated, we analyzed the RNA synthesized in vitro by primer extension. A synthetic oligonucleotide complementary to SV40 late RNA was hybridized to the in vitro transcription products and extended with reverse transcriptase to produce two populations of cDNA (Fig. 2B ). When these cDNAs are aligned with a dideoxy sequence ladder synthesized from the same oligonucleotide primer and DNA template, it is apparent that the in vitro late RNAs originate from nucleotide 325 and approximately nucleotide 170. The cDNA representing the nucleotide 325 start appears as a doublet, which may be an artifact of reverse transcription. The lower band corresponds to the cap site reported in the literature (24) . Our results with the in vitro transcription system are similar to those reported previously by other laboratories (8, 29, 30, 56, 57, 70) .
Sequences required in vitro for SV40 late transcription. To determine the 5' boundary of the sequences required for transcriptional activity from nucleotide 325, a series of mutants that progressively remove greater amounts of upstream sequence was constructed. These mutants were transcribed in vitro with a HeLa whole-cell extract, and the RNA was assayed by primer extension ( slightly lower than that with pSVOLO (data not shown). PSVN/BA105 has sequences deleted between nucleotides 1 and 105 and therefore does not have the majority of the SV40 early promoter, including the TATA box and the GC motifs that bind transcription factor Spl (16) . PSVN/BA188 has an additional 83 nucleotides deleted, removing a portion of the sequences responsible for SV40 enhancer function, including the early-proximal, 72-base-pair repeat and the first 10 nucleotides of the adjacent 72-base-pair repeat. There was no significant decrease in the transcriptional activity from nucleotide 325 with either pSVN/BA105 or pSVN/BA188. A fourth mutant, pSVN/B04, was constructed by inserting a 321-base-pair fragment of plasmid DNA into the SV40 genome at the PvuII site at nucleotide 273. The amount of RNA synthesized with this mutant was two-to threefold lower than the amount with pSVN/B06. A similar result was obtained when pSVN/B04 was digested within the inserted sequences so that the control region was placed completely in trans from the 325 start (data not shown). These data show that the 52 base pairs upstream of the RNA start are sufficient to direct a substantial amount of RNA synthesis. Moreover, in the four clones assayed, nucleotide 325 was the predominant initiating nucleotide; therefore, sequences required for the selection of the initiating nucleotide must be intact.
To examine the region around nucleotide 325 at higher resolution, we constructed a series of linker-scanning mutants (45) . These clustered point mutations extend from nucleotide 263 to 406 and essentially saturate a 143-base-pair region around the start site (Fig. 4 ). There are a total are 14 mutants encompassing both the 52-base-pair region described above and sequences downstream of the cap site important for transcription from nucleotide 325. The boxes in Fig. 4 15, 17, 19, 22, 23, 24, 26 , and 27; therefore, no changes in spacing are produced. In the other LS mutants, the substitution was not exact, resulting in small spacing changes. The net result of these substitutions is a 1-base-pair deletion in LS18, LS21, and LS25, a 2-base-pair deletion in LS16, and a 1-base-pair insertion in LS20 and LS28.
The RNA synthesized in vitro from these linker-scanning mutants was assayed by primer extension (Fig. 5A and B) . In Fig. SA the RNA was hybridized to an oligonucleotide primer that anneals to the late RNA between nucleotides 370 and 394. Reverse transcription of the RNA yielded cDNAs of 68 and 223 nucleotides, corresponding to RNA initiated at map positions 325 and 170, respectively. Mutations in three regions affected the level of transcription from the 325 start site. The first region, defined by LS17 and LS18, lies upstream of nucleotide 325. This element is in a position analogous to the location of the TATA box in other eucaryotic genes (4). The RNA synthesized from LS17 and LS18 is initiated from the correct nucleotide but at a reduced level when compared with wild-type levels of RNA. The second region, defined by LS21, overlies the start site of transcription. The RNA synthesized from this mutant is reduced in amount, and the initiation sites are shifted slightly from the position corresponding to nucleotide 325 in the wild type. Scanning densitometry suggests that the total amount of RNA synthesized from LS21 was about fourfold less than the total RNA synthesized from the wild-type template. The third region, defined by LS23 and LS24, lies downstream of the start site. Mutations in this region decrease the amount of RNA made from nucleotide 325 without altering the start site.
To determine whether the reduced amount of RNA synthesized from LS23 and LS24 was due to the introduction of sequences that repress transcription, we constructed a deletion that removes sequences between nucleotides 332 and 353. Because of the internal deletion, the cDNA synthesized from this RNA is 20 bases smaller than the others. As shown in the lane marked A, this deletion mutant, like LS23 and LS24, produces RNA from the correct start site (data not shown) but at a reduced level. This indicates that LS23 and LS24 act by altering a positive cis-acting element rather than by supplying sequences that inhibit RNA synthesis.
In Fig. SB Most of these LS mutations had little or no effect on utilization of the 170 site; however, in the experiment shown here and several others, LS17 displayed some decrease in the amounts of RNA made from nucleotide 170. The effect is small and not seen in every experiment and has not been pursued further.
Taken together, the 14 LS mutants define three cis-acting elements near nucleotide 325 which are important for transcription. Two sequence elements, centered 31 base pairs upstream and 28 base pairs downstream of the start site, are required for efficient transcription, while sequences at the start site are required for efficient transcription and for determination of the initiating nucleotide.
Sequences required in vivo for SV40 late transcription. To test whether the control of SV40 late transcription requires the same sequences in vivo, we transfected wild-type and mutant DNAs into the permissive monkey cell line BSC-1 and assayed transient SV40 RNA levels. The constructs used in these experiments were made by transferring the wild type and select LS mutants into a vector that has an intact SV40 early region and produces functional T antigen (19) . These plasmids contain the splice donor and acceptor sites for the 16S and 19S populations of the SV40 late RNA but are not expected to produce late proteins because the late region is interrupted by vector sequences.
Supercoiled DNA was transfected into BSC-1 cells by the DEAE-dextran procedure (65) . After a 48-h incubation, cytoplasmic RNA and nuclear DNA were isolated. To determine the relative efficiencies of transfection, the nuclear DNA from these cells was linearized and analyzed by Southern blotting (Fig. 6A) parisons of the RNA synthesized from nucleotide 325 with each mutant should primarily reflect transcriptional activity rather than different copy numbers in the cell. SV40 late RNA in the cytoplasm was assayed with a primer that anneals to the leader sequences of the 16S RNA (Fig. 6B) Interactions among the three control elements. We have investigated whether the three control elements act independently by constructing three double mutants that combine LS representatives that define each cis-acting element (LS17, LS21, and LS24) in each possible pairwise arrangement. The triple mutant from these LS parents was also constructed. If one element required another to perform its function, one would expect that a double mutant would produce the same amount of RNA as either one of its singly mutated parents. By contrast, if the elements function independently, one expects a double mutant to be more severely affected than either of its parents.
The double and triple mutants were transcribed in a HeLa whole-cell extract, and the resultant RNA was assayed by primer extension (Fig. 8) . Each of the single mutants behaved as shown before in Fig. 5A and B. The double mutant that combines LS17 and LS24 synthesizes reduced amounts of RNA relative to either of the singly mutated parents. This suggests that the upstream and downstream elements function independently of one another. By contrast, the results with LS21 are less clear-cut. The amount of the minor RNA species synthesized from LS21 appears to be reduced by LS17 but only weakly affected by LS24. As such, it appears that the start site element might interact with the downstream element to facilitate efficient transcription.
There are other cDNAs that correspond to RNA synthesized in the triple mutant, which probably arise from RNA initiated at upstream positions. These cDNAs were only detectable with the triple mutant, and this could be the result of the severity of the mutation. It is possible that in the single and double mutants the transcriptional machinery is sequestered in nonproductive interactions at the 325 initiation site, but when the triple mutant serves as the template, the transcriptional machinery is released and becomes available to utilize upstream initiation sites.
It is clear from longer exposures of the experiment shown in Fig. 8 that the double mutant that combines LS17 and LS24 produces RNA from nucleotide 325, although at much reduced levels. By contrast, none of the mutants with the LS21 mutation produce any RNA from this position within the linker. This suggests that the sequences replaced by the linker in LS21 are both necessary and sufficient for the selection of nucleotide 325 as the initiating nucleotide. However, proof of this will require the demonstration that these sequences can function as a promoter in a heterologous background.
DISCUSSION
Structure of the SV40 late promoter. In the present experiments we have defined three elements that control transcription from the predominant SV40 cap site. These three cis-acting elements are different in both sequence and position from the elements of other known promoters. In spite of this dissimilarity, they are able to interact with the cellular 17 (8, 19) . Alterations in this upstream element reduce the amount of late RNA synthesized without altering the position from which transcription initiates. This phenotype contrasts with that seen with mutations in the TATA box region of the SV40 early promoter (3, 44) , which lose the ability to initiate from the correct nucleotide without a decrease in the total amount of early RNA synthesis. We conclude that the upstream late element is analogous only in position and not in function to a TATA box. This is consistent with prior work suggesting that there is no measuring function associated with sequences upstream of nucleotide 325 (7, 27, 52, 64) .
The second of the three promoter elements is defined by LS21 and spans nucleotides 320 to 332. The present findings are consistent with prior reports suggesting that sequences immediately surrounding the cap site are required for initiation at all of the SV40 late start sites (52, 64) . This contrasts with many other promoters transcribed by RNA polymerase II, in which substitutions may be introduced relatively freely at the cap site without impairment of promoter function (21, 25, 45, 60) .
The RNA synthesized from LS21 is initiated at positions close to the wild-type RNA start but at a reduced level. Perhaps with this mutant the transcriptional machinery is positioned correctly by accessory factors bound to the flanking control elements, but is unable to find a position within the linker that can be used efficiently for the initiation of transcription. Unable to utilize the correct starting position, the transcription complex is still in position to use cryptic initiation sites nearby, although at reduced efficiency. It is interesting to note that, even though there is a potential initiating A present in LS21, which is displaced by only one nucleotide from its normal position, this A is not used as a start site. It therefore seems likely that more than just the initiating nucleotide is required for the efficient initiation of transcription.
The third promoter element is defined by LS23 and LS24 and spans nucleotides 344 to 362. Mutants in this downstream region initiate RNA synthesis from nucleotide 325 but do so at reduced levels. Our results are consistent with several prior observations with mutants with large deletions or substitutions in this downstream region (22, 26, 53) . Based on other work (27, 64) , it does not appear that the initiating nucleotide is set a fixed distance from this downstream elemeht.
In previous work, when downstream sequences have been mutated, increased utilization of minor upstream cap sites has been observed (22, 26, 53 (47) .
In principle, the downstream element might act either by influencing initiation or by changing the rate of elongation through the mutated region. We have attempted to identify short RNAs synthesized from mutant templates, which might be indicative of an effect on elongation. So far, we have failed to find evidence for increased synthesis of short RNAs in the mutants. Therefore, we believe that the most likely mechanism for the downstream element is an effect on the transcriptional initiation process itself.
The RNA polymerase II transcriptional initiation reaction consists of several steps, as evidenced by the ability to uncouple these steps by using the nonionic detergent Sarkosyl (32, 33 (58) . Although the mechanism of tatIII trans-induction has been controversial, recent work suggests that the effect is partly at the RNA level (14, 51). Human immunodeficiency virus, like the SV40 major late promoter, has an inverted repeat downstream of the cap site (50) and a sequence, 5'-CTGGCT-3', at +41 that is somewhat similar to the SV40 sequence, 5'-CCGGCT-3', that is altered in LS23.
Other genes that require downstream sequences for their expression include the adenovirus 2 major late transcription unit (41), the herpes simplex virus tk gene (13) , the a-and ,B-globin genes when expressed in murine erythroleukemia cells (10, 73) , and the Drosophila transposible element copia (62) . Like the downstream element of the SV40 late promoter, these elements may affect transcription, but it is also possible that they affect a posttranscriptional process.
Role of the tripartite late promoter in regulation of SV40 late expression. There is a large body of work directed toward understanding how SV40 late transcription is regulated and how the virus switches from early to late patterns of gene expression. It is not known what role the elements defined in the present work play in these respects.
Late transcription is activated by an early gene product, large T antigen (5, 37) . The three elements defined here are required for the selection of the predominant SV40 late cap site, but they have not been examined for their effect on trans-activation (6, 31, 38) . Furthermore, in two cases (31, 38) , the downstream element has been replaced by the reporter gene, chloramphenicol acetyltransferase, at the NcoI site at nucleotide 331. Therefore, it remains a formal possibility that either one or more of these elements described here may play a role in T-antigen-mediated transactivation, and these previous studies should be considered with this in mind.
The three promoter elements, although required for efficient initiation at nucleotide 325, are not essential for virus viability. As discussed previously, many workers have reported accumulation of RNA transcribed from upstream sites when initiation at nucleotide 325 is blocked by mutation (8, 22, 26, 27, 52, 53, 64) . This upstream RNA is evidently sufficient for production of progeny virus, because SV40 mutants unable to initiate at nucleotide 325 show only minor defects in their ability to grow in cultured cells (2, 68 (61, 75) and JC (18) . As such, the sequences altered by LS23 and LS24 are also found in BK and JC viruses, and they may play a role in the regulation of late transcription of these viruses as well. These findings raise the possibility that, under other physiological conditions, the sequences directing initiation at nucleotide 325 may be more important than has been apparent previously. The late promoter sequences described here may be required to turn on expression or to repress late gene expression at inappropriate times.
